Interlaboratory reproducibility of an absorbed enzyme-linked immunosorbent assay (ELISA) kit for detection of bovine serum antibodies to Mycobacterium paratuberculosis was evaluated. A panel of 30 bovine sera (15 positives and 15 negatives) was tested in triplicate microtiter wells on each of 2 days at 8 different laboratories. One laboratory had invalid results because of positive or negative serum control optical density (OD) readings beyond the acceptable range specified by the kit. The coefficient of variation (CV) for mean OD values was influenced by low ODs on test negative sera at 2 laboratories, thus the CVs on positive sera were considered a more representative measure of kit reproducibility. Between-well CVs averaged 6.7% ± 2.8% (mean ± standard deviation), and between-day CVs averaged 14.5% ± 9.8% among the 7 laboratories with valid assays on the 15 positive sera. The OD values were converted to positive or negative classifications for each assay well, and the results were compared. Among 1,392 assays in 7 laboratories, 98.6% were in agreement. Eleven of 18 discrepant results were due to a sample that consistently gave OD values near the cutoff for a positive test. Exclusion of that serum from the analysis resulted in a 99.8% rate of agreement among laboratories. Results indicated that the absorbed ELISA kit provided reproducible results within and between laboratories.
There are 3 serologic tests currently in use for di-procedures in veterinary diagnostic laboratories and agnosis of bovine paratuberculosis (Johne's disease); a readily automated for high volume testing as is neccomplement fixation test, 3, 6 an agar gel immunodif-essary for screening herds of cattle. The objective of fusion test, 8, 9 and an absorbed enzyme-linked immuthe present study was to determine if the results from nosorbent assay (ELISA). 1, 2, 12 The ELISA recently bethe commercial absorbed ELISA for bovine paratucame commercially available in Australia as a berculosis were reproducible among 8 laboratories. diagnostic kit . a This kit is also available in North America from a different manufacturer. b Early reports Materials and methods on sensitivity and specificity of the kit indicate that it is superior to the complement fixation and agar gel Enzyme-linked immunosorbent assay. The assay evaluated is a kit. a It measures serum antibodies to Mycobacterium immunodiffusion tests. 1, 7, 9 In addition the microtiter format of the kit makes it easily adapted to routine paratuberculosis, the causative agent of bovine paratuberculosis, using an absorption step to remove nonspecific antibodies as originally described. 5, 11, 12 The kits are in a microtiter format with wells in strips of 8. Each kit comes supplied From the Department of Pathobiological Sciences, School of Vet-with antigen-coated plastic wells, absorbing antigen-containerinary Medicine, University of Wisconsin, Madison, WI 53706 ing serum diluent, horseradish peroxidase-conjugated anti- (Collins) , the Texas Veterinary Medical Diagnostic Laboratory, Col-bovine immunoglobulin, substrate and chromogen solutions. lege Station, TX 77841 (Angulo), the Department of Comparative and negative and positive control sera. Each kit has sufficient and Experimental Pathology, College of Veterinary Medicine, Uni-materials to run 180 assays. The accuracy of the assay was versity of Florida, Gainesville, FL 32610 (Buergelt), the US De-evaluated previously, and it has a sensitivity of 47% and partment of Agriculture, Animal and Plant Health Inspection Service, Science and Technology, National Veterinary Services specificity of 99%. 1 Test sensitivity was higher in animals with more advanced infections. 2, 7 Laboratories, Diagnostic Bacteriology Laboratory, Ames, IA 50010 (Hennager), the California Veterinary Diagnostic Laboratory Sys-The 8 laboratories in the study used kits from the same tem, Davis, CA 95617 (Heitala), the Diagnostic Laboratory, New production lot (no. 0041), and all testing was completed at York State College of Veterinary Medicine, Ithaca, NY 14853 (Ja-least 6 mo before the expiration date. Only 1 of the labocobson), the US Department of Agriculture, Agricultural Research ratories had prior experience using the kits. Each laboratory Service, National Animal Disease Center, Ames. IA 50010 (Whip-performed a minimum of 180 assays (1 kit) to become faple), and the School of Veterinary Medicine, New Bolton Center, miliar with the procedures before testing the samples for the University of Pennsylvania, Kennett Square, PA 19348 (Whitlock). study. The assays were performed according to the manu-Received for publication April 20, 1992. facturer's directions, but 1 procedural option was held con- stant for all labs: the enzymatic reaction was stopped, based on the degree of color development by the chromogen (tetramethyl benzidine) in a well with the positive control serum, as defined by an optical density (OD) reading of 0.350-0.400 at 620 nm instead of by visual inspection. No pattern of serum placement in the wells was specified. ELISA readers from 5 different manufacturers were represented among the laboratories. Four laboratories used a 630-nm filter to monitor the positive control well, although this did not affect the outcome.
Study laboratories. The laboratories that participated in the study were either veterinary diagnostic laboratories experienced in performing enzyme immunoassays in microtiter systems or research laboratories experienced in paratuberculosis diagnostics, including ELISAs. The investigators are coauthors of this paper, and their respective laboratories are referred to by a randomly assigned letter.
Serum samples. Bovine sera were obtained from the Wisconsin Animal Health Laboratories as routine submissions. They were selected to give a range of OD values in the assay without bias for the extremes; 15 were positive and 15 were negative based on the criterion of the assay. After selection, the sera were aliquoted into multiple freezer vials and frozen (-20 C). Each laboratory received an identical set of the 30 sera, still frozen, that had undergone a maximum of 3 freezethaw cycles prior to testing.
Study design. One laboratory (University of Wisconsin) measured the OD values for the positive and negative control sera from kits tested in duplicate wells on each of 10 days. All laboratories performed the assays on the test sera and the control sera in the kit in triplicate wells on each of 2 days.
Data analysis. Reproducibility of OD values was expressed as the coefficient of variation (CV); i.e., the standard deviation of the OD values divided by the mean of the OD values. 4 Among-well and between-day CVs were calculated first for OD values of all 30 test sera and then for only the 15 positive test sera.
Assay results, expressed as OD values, were interpreted as positive or negative based on the kit manufacturer's criterion: test serum OD values 2 the mean OD of the negative control serum plus 0.100 (the cutoff) were classified as positive and those below the cutoff were classified as negative. Each well was considered a separate test because the manufacturer markets the kit as a single-well assay. Agreement of each of the 8 laboratories on the positive or negative classification of each serum was expressed as a percentage of test wells in Table 2 . Coefficient of variation (CV)* of optical density (OD) values (%) for bovine paratuberculosis ELISA among wells and between days among 8 laboratories. agreement among the total of 180 wells (30 sera x 3 wells/ day x 2 days) measured.
Results
Reproducibility of OD values. The among-well mean CV on the positive and negative control sera tested in duplicate for 10 days at 1 lab was 3.7%, and the between-day CV averaged 12.3% (Table 1) . Among the laboratories, the among-well and between-day CVs were markedly different. Among-well CVs ranged from 5.2% to 29.2%, and between-day CVs ranged from 6.5% to 29.1%, based on analysis of data from all 30 test sera. The CVs were usually lower when calculated only on OD values for the 15 positive sera; among-well and between-day CVs were 6.6% (average of days 1 and 2 for all laboratories) and 13.4%, respectively ( Table 2) .
Diagnostic classification agreement among laboratories.
The test sera in the panel were each tested in 6 wells by the 8 labs giving a total of 1,440 assay results for comparison. Results that conflicted with the positive or negative classification of each serum, as defined by the consensus of all laboratories, occurred in 30 individual wells; 12 (40%) of these were from a single laboratory (Lab F) and 19 (63%) were due to a single serum (no. 23) that consistently gave OD values slightly above or below the cutoff value (Table 3) . This resulted in an overall diagnostic classification agreement rate of 97.9%.
For unknown reasons, Lab F on day 1 had OD values for the negative control serum that exceeded the allowable limits for a "valid assay" as defined by the manufacturer and on day 2 had OD values on the positive control serum that were below the limits for a valid assay. This problem also occurred in another laboratory, but the error was traced to a faulty ELISA reader. The assays were repeated for inclusion in the data presented. When data from Lab F were excluded from the analysis, the rate of agreement among the remaining laboratories was 98.6%. Furthermore, when the results from all laboratories for the borderline-positive serum (no. 23) were excluded from analysis and Lab F results were included, the rate of agreement among the 8 laboratories was 99.2%. When the data from Lab F and from serum no. 23 were excluded, the rate of diagnostic agreement among the remaining laboratories on 29 test sera was 99.8% (3 discrepant assay wells among the 1,218 evaluated).
Discussion
Among-well variation in OD values for the ELISA kit for bovine paratuberculosis was within acceptable limits for an enzyme immunoassay; ≤ 7.2% for positive sera for all but 1 laboratory (Lab C; Table 2 ). 10 Labs C and E had unusually high among-well CVs when calculated on all test sera because of the low OD values for negative sera at both laboratories (x = 0.019), which distorted the CV as an indicator of variation. For example, Lab C had a mean OD of 0.019 t 0.006 on serum no. 13, giving a CV of 34.2%. Pipetting error also may have contributed to the variation. The CVs for the 15 positive sera were more representative of among-well variation ( Table 2) .
Between-day CVs were higher than among-well CVs and varied more among laboratories (range 4.1-34.6%) ( Table 2 ). The 4 laboratories that had between-day CVs less than 10% were those more experienced in routine performance of enzyme immunoassays in microtiter systems. Additional experience performing the assay would likely have reduced the degree of variation between days for the other laboratories.
Although CV analysis revealed apparent differences among laboratories in ELISA performance proficiency, the high rate of agreement of positive and negative test results among the laboratories (97.9%) indicated the assay is robust and tolerant of variability among laboratories. Use of a positive control sample, monitored by the ELISA reader during incubation of the reactants and substrate, is probably the most important factor affecting the reproducibility of the assay among laboratories.
For economic reasons, the kit is marketed as a singlewell assay (1 serum per test well). This single-well format seems justified because of the low among-well CVs and high rate of agreement among the 7 laboratories with valid results (98.6%) and the need to minimize costs for diagnostic tests used in food animals. Problems encountered with sera that had OD values slightly above or below the cutoff limit could be managed by creating 3 OD interpretation classifications: positive, suspect, and negative. Animals classified as suspect could then be retested in 30-60 days.
